The interaction of mesenchymal stromal cells (MSCs) with natural killer (NK) cells is traditionally thought of as a static inhibitory model, whereby resting MSCs inhibit NK cell effector function. Here, we use a dynamic in vitro system of poly(I:C) stimulation to model the interaction of NK cells and tissue-resident MSCs in the context of infection or tissue injury. The experiments suggest a time-dependent system of regulation and feedback, where, at early time points, activated MSCs secrete type I interferon to enhance NK cell effector function, while at later time points TGF-b and IL-6 limit NK cell effector function and terminate inflammatory responses by induction of a regulatory senescent-like NK cell phenotype. Importantly, feedback of these regulatory NK cells to MSCs promotes survival, proliferation, and pro-angiogenic properties. Our data provide additional insight into the interaction of stromal cells and innate immune cells and suggest a model of time-dependent MSC polarization and licensing.
INTRODUCTION
Providing effective immunity against pathogens and maintaining tissue homeostasis involves a complex coordinated interaction between the immune system and host tissue. Tissue-resident mesenchymal stromal cells (MSCs) form a primary judgment mechanism in this process as they interpret pathogen and cytokine stimuli, leading to induction of inflammation or tissue repair (Bernardo and Fibbe, 2013; Delarosa et al., 2012) . MSCs are multipotent fibroblastlike cells that are renowned as potent mediators of anti-inflammatory processes (Prockop and Oh, 2012) . Concepts such as ''cell empowerment'' and ''cell replacement'' describe how MSCs coordinate the immune system and simultaneously provide a pool of undifferentiated cells for forming new tissue (Wang et al., 2014) . The regulatory properties of MSCs combined with easy isolation and expansion have led to their use as a prominent candidate for cellular therapy, and understanding their immunobiology is therefore critical in optimizing their use.
MSCs are equipped with Toll-like receptors (TLRs), which are essential in pathogen recognition as they sense conserved structural motifs in pathogens (pathogen-associated molecular patterns [PAMPs] ) (Delarosa et al., 2012; Jakob et al., 2010) . Increasing evidence suggests that triggering of TLRs on MSCs modulates both their differentiation potential and immunoregulatory properties (PevsnerFischer et al., 2007; Stagg, 2007; Hwang et al., 2014) . Using the viral PAMP poly(I:C), which mimics double-stranded viral RNA, we previously demonstrated that TLR3-stimulated MSCs were pro-inflammatory in nature, producing interferon-a/b (IFN-a/b), interleukin-6 (IL-6), and IL-8 (Dumitru et al., 2014) . Here we explored the immunological consequences of this stimulation and asked how poly(I:C)-stimulated MSC could regulate key players of innate antiviral immunity such as natural killer (NK) cells.
NK cells are innate immune cells endowed with the capability to kill virally infected, stressed, and cancerous cells. They are also an important source of IFN-g, which drives pro-inflammatory Th1 responses (Vivier et al., 2008) . On the other hand, NK cells can also exert regulatory functions. For example, during pregnancy CD56 bright and senescent NK cells interact with stroma in the decidua to induce angiogenesis and trophoblast invasion (Hanna et al., 2006; Arck and Hecher, 2013; Rajagopalan and Long, 2012) . Only few studies have investigated the interaction of NK cells with MSCs. In pioneering work, the Moretta group has shown that resting unstimulated MSCs are capable of inhibiting NK cell proliferation, cytokine release, and cytotoxicity, via prostaglandin E 2 and indoleamine dioxygenase (Spaggiari et al., 2006 (Spaggiari et al., , 2008 . More recently, evidence is emerging to show that in the proper context MSCs may also support NK cell function (Thomas et al., 2014) .
In contrast to most previous work investigating unidirectional MSC-NK cell interaction (i.e., MSC regulation of NK cells), we envisage that, over time, in an inflammatory setting a bidirectional interaction between MSCs and NK cells is likely to exist. Therefore we investigated how TLRactivated MSCs regulate NK cells and then examined the NK cell feedback onto MSCs.
RESULTS

Biphasic, Time-Dependent Response of Poly(I:C)-Stimulated MSCs
Previous studies focusing on MSC regulation of NK cell function demonstrate that resting MSCs are capable of inhibiting NK cell effector function. In contrast to this static model, we stimulated MSCs with poly(I:C), which, over time, led to a distinct biphasic MSC response . In an early inflammatory phase, poly(I:C)-activated MSCs rapidly released IFN-a/b, IL-6, and IL-8 within 4-8 hr. Thereafter, from 8 hr to 24 hr, type I IFN levels decreased while IL-6 and IL-8 levels continued to increase and, additionally, the supernatant (SN) became rich in IFN-g-inducible protein 10 (IP-10), macrophage migration inhibitory factor (MIF), and transforming growth factor b (TGF-b) over this period. Interestingly, IL-6, IL-8, and IP-10 were induced by poly(I:C) whereas MIF and TGF-b were not ( Figure 1A ). Comparing the ratio of antiviral type I IFN with the regulatory factors (IL-6, IL-8, MIF, and TGF-b) at early time points (4 hr; P4h) and later time points (24 hr; P24h) in SN of poly(I:C)-stimulated MSC revealed a clear shift toward regulatory factors over time (Figures 1B and 1C In contrast, in CD56 dim NK cells the 4-hr SN of poly(I:C)-stimulated MSCs (P4h) induced a significant upregulation of CD69. Of note, a very substantial upregulation of CXCR4, which is associated with regulatory decidual NK cell function (Arck and Hecher, 2013; Cerdeira et al., 2013) , was observed in CD56 dim NK cells exposed to the 24-hr SN of poly(I:C)-stimulated MSCs (P24h) ( Figure 1D ). On examining NK cell function, the P4h SN, but not SN of unstimulated MSCs or MSCs stimulated for 24 hr, strongly upregulated cytotoxicity ( Figure 2A ) and degranulation ( Figure 2B ) of purified NK cells against K562 targets. As NK cell cytotoxicity is dictated by the net signal of activating and inhibitory receptors, we next analyzed the expression repertoire of NK cell receptors, but no conspicuous receptor change was found ( Figure 2C ). However, when NK cells were incubated with K562 a significant correlation between the expression levels of CD69 activation marker expression and CD107a degranulation marker was observed ( Figure 2D ). Regarding NK cytokine production, stimulation with P4h in the presence of IL-12 and IL-18 increased IFN-g production over controls, while P24h had the opposite effect ( Figure 2E ). To test the functional relevance of the IFN-a/b present in P4h SN, inhibitory antibodies to type I IFN were added during NK cell stimulation. Both cytotoxicity and IFN-g production were reduced to background levels by this treatment (Figures 2F and 2G ). These data identify type I IFN as a major inducer of NK cell effector function in our system.
In sum, our experiments revealed that early and late SN of poly(I:C)-stimulated, but not unstimulated MSCs, differentially affect function and expression of functional surface molecules on human NK cells. These data also suggest that, upon appropriate stimulation, MSCs may serve as accessory cells by secreting IFN-a/b to upregulate classical NK cell effector functions.
The MSC Regulatory Response Functionally Impairs NK Cells and Induces Apoptosis As the P24h SN was shown to induce NK expression of CXCR4, a receptor that is closely associated with NK cell development, senescence, and angiogenesis (Cerdeira et al., 2013; Rajagopalan and Long, 2012; Arck and Hecher, 2013) , we next evaluated the capacity of the P24h SN to modulate NK cell differentiation. NK cells were therefore exposed to P24h SN for up to 5 days, and CXCR4 expression, phenotype, function, and viability were assessed.
We found that CXCR4 was significantly upregulated by P24h SN within 1 day, declined thereafter, but remained above expression levels seen in all other conditions (Figure 3A) . In addition, an increased percentage of the CD56 dim CD16
À NK cell subset was also observed in the presence of P24h SN at day 5 ( Figure 3B This change in NK cell phenotype was also accompanied by a change in NK cell function. Comparing NK cells differentiated in unstimulated (M24h) SN versus P24h SN for 3 days reveals a downregulation of IFN-g, perforin (Figure 3D) , degranulation, and cytotoxicity ( Figure 3E ) in NK cells. Based on these findings we next tested whether the SN of stimulated MSCs may induce senescence in NK cells. Interestingly, after 3 days of P24h SN treatment, NK cells began to exhibit features of senescence by upregulating senescence-associated genes uPAR and SOCS1 (Figure 3F ) (Rajagopalan and Long, 2012 ). IL-6 and IL-8 are key cytokines of the so-called senescence-associated secretory phenotype (SASP) (Perez-Mancera et al., 2014) . The ability of NK cells to produce IL-6 along with IL-8 was therefore tested by incubating NK cells with P24h SN in conjunction with IL-12 and IL-18 for 3 days. It is important to state that unlike MSCs, which will produce IL-6 and IL-8 after poly(I:C) stimulation, NK cells require the presence of IL-12 and IL-18 to induce cytokine production. NK cell production of both SASP factors, IL-6 and IL-8, was greatly increased in P24h SN compared with control M24h SN + NK subsets. The delta median (marker expression minus the isotype) is shown (n = 3-5 donors). Two-way ANOVA and paired t test were used to test statistical significance (p < 0.05 considered as significant). Data are depicted as line graphs (each individual donor) (A), vertical scatter plot (mean ± SE) (B), or bar graphs (mean ± SE) (D). *p < 0.05, **p < 0.01, ****p < 0.0001; n.s., not significant. + NK cells against K562 was assessed using the CD107a assay (n = 4). (G) NK cells were incubated with conditioned medium in the presence of monensine, IL-12, and IL-18; additionally neutralizing IFN-a (1 mg/mL) and IFN-b (1 mg/mL) or isotypes were added where indicated. After 6 hr NK cells were stained for intracellular IFN-g and the percentage of IFN-g-positive NK cells was determined (n = 4). Two-way paired t test and linear regression model was used for statistical analysis, A *p < 0.05 was considered significant and **p < 0.01 or ****p < 0.0001 very significant. Data are depicted as bar graphs (mean ± SE) (A and E), vertical scatter graphs (mean ± SE) (B, C, F, G), and scatter graph (D).
( Figure 3G ). Moreover, P24h SN-treated NK cells showed increased expression of annexin V/7AAD, reduced size, and increased granularity, and started to form apoptotic bodies (Figures 4A, 4C, and 4D) . Expression of p16 in NK cells was also upregulated following P24 SN treatment (Figure 4B) . Mammalian target of rapamycin (mTOR) is a central pathway in NK cell development and differentiation (Marcais et al., 2014) . As expected, IL-15 induced the phosphorylation of mTOR in NK cells ( Figure 4E ). However, P24h MSC SN did not influence this phosphorylation, (E) NK cells were treated for 3 days with conditioned medium and their ability to form conjugates, and degranulate and kill K562 target at a 1:2 E/T ratio was assessed (n = 3). (F) NK cells were treated for 3 days with conditioned medium; cells were then lysed and qPCR performed. uPAR, SOCS1, and SOCS3 expression was determined. The bar graph shows gene expression relative to M24h-treated NK cells. (G) NK cells were treated for 3 days with conditioned medium in the presence of IL-12 (10 ng/mL) and IL-18 (10 ng/mL). The production of NK cell-derived IL-6 and IL-8 was then measured (note that the MSC SN already contained IL-6/IL-8 produced by MSC, so to ascertain the NK cell-derived cytokine levels, the concentration of cytokines in MSC SN without NK cells was subtracted from the concentration of cytokines in MSC SN after NK cell incubation, thus the production of NK cell IL-6 and IL8 could be calculated) (n = 3). Data analysis was performed using two-way ANOVA with an additional Bonferroni post test, paired two-tailed t test, and linear regression model. *p < 0.05 was considered significant and **p < 0.01, ***p < 0.001, or ****p < 0.0001 very significant; n.s., not significant. Data are depicted as vertical scatter graphs (mean ± SE) (D, E, F, and G), line graph (mean ± SE) (A), and scatter plots (B and C).
suggesting that this pathway is not influenced by poly(I:C)-stimulated MSCs. In contrast, the viability and proliferation of NK cells in the presence of cytokines was again considerably reduced in the presence of P24h MSC SN (Figures 4F and 4G) .
In conjunction, these data indicate that key hallmarks associated with senescence and cellular death could be induced in NK cells by the P24h SN.
Bone Marrow-Derived MSCs Modulate NK Cells in Similar Manner to Nasal Mucosa-Derived MSCs In the next series of experiments we tested whether the modulation of NK cells by poly(I:C)-stimulated nasal mucosal MSCs was shared by bone marrow-derived MSCs (bmMSCs), an MSC type often used in cellular therapy. As shown in Figure S1A CD56 dim CD16 + NK cells highly express the activation marker CD69 following P4h SN incubation (for corresponding nasal MSC data, see Figure 1D ). Both P4h and P24h SN have the capacity to increase NK cell degranulation compared with control ( Figure S1B ), suggesting that P24h SN of bmMSCs exceeds mucosal MSC stimulatory capacity. Importantly, and similar to nasal MSCs, the bmMSC P24h SN induced senescent-like processes in NK cells (Figures S1C, S1D, and S1E). Also, p16 was upregulated following P24h SN (corresponding nasal MSC data, Figure 4B) ; and NK cells began to express (B) NK cells were treated for 1 day with conditioned medium and expression of CDKN2A/p16INK4a (P16) was determined by flow cytometry (n = 3).
(C) NK cells were incubated for 9 days in the presence of conditioned medium, and bright-field micrographs were taken at a magnification of 3200; the arrows indicate an intact cell and the arrowhead indicates apoptotic bodies (1 representative experiment of 4 NK donors).
(D) NK cells were incubated for 9 days in the presence of conditioned medium and were then analyzed using flow cytometry for granularity (SSC) and size (FSC) (1 representative experiment of 4 NK donors).
(E) NK cells were incubated with conditioned medium and also in the presence of activating IL-15 with medium, rapamycin (mTOR inhibitor), and P24h SN. After 2 days the cells were stained for phosphorylated mTOR by flow cytometry (n = 4). (F) NK cells were incubated in conditioned medium for 9 days in the presence of activating IL-15. Percentage of living cells was determined by annexin V and staining (n = 4). (G) NK cells were labeled with CFSE and then incubated for 5 days with conditioned medium in the presence of IL-15 (200 U/mL) and IL-18 (10 ng/mL). Proliferated cells were quantified as CFSE low cells (n = 3). Data analysis was performed using a paired two-tailed t test and linear regression model. a *p < 0.05 was considered significant and **p < 0.01 or ***p<0.005 very significant. Data are depicted as vertical scatter graphs (mean ± SE) (B, E, F, and G), line graph (mean ± SE) (A), and scatter plot (D). À (corresponding nasal MSC data, Figures 3A and   3B ). These data indicate that key features of NK cell modulation are shared between MSCs obtained from bone marrow and nasal mucosa. The experiments also reinforce earlier findings , which likewise suggest that the response to TLR stimulation and innate immune interaction is shared between bmMSCs and MSCs from peripheral tissues.
MSC-Derived TGF-b and IL-6 Induce NK Cell CXCR4 Expression and Cell Death Data thus far show that prolonged stimulation of MSCs with poly(I:C) generated a secretome (P24h SN), which upregulated CXCR4 expression on NK cells together with loss of NK cell effector function and induction of a senescencelike phenotype. TGF-b and IL-6 in P24h SN were considered possible factors which mediate this mechanism of NK regulation. Both cytokines have been implicated in inducing CXCR4 as well as differentiating lymphocytes and driving senescence/apoptosis (Arck and Hecher, 2013; Cerdeira et al., 2013; Zhang et al., 2005) . Furthermore, these cytokines are found in abundance in the P24h SN although it is only the IL-6 that is poly(I:C) dependent. TGF-b and IL-6 were measured in various P24h SN derived from various donors, and the level of NK cell CXCR4 induction was analyzed for each SN. Low and high TGF-b/IL-6 ratios were related to CXCR4 expression. As shown in Figure 5A , a high TGF-b/IL-6 ratio in the SN of P24h-stimulated MSCs resulted in higher expression of CXCR4 on NK cells exposed to this SN. Using recombinant TGF-b and IL-6 we found that TGF-b induced NK cell CXCR4 as a single agent, while IL-6 was able to enhance the effect of TGF-b when both cytokines were combined ( Figure 5B ). Treating P24h SN with neutralizing antibodies for TGF-b and IL-6 confirmed that these factors in the SN are responsible for NK cell CXCR4 expression ( Figure 5C ). We next performed a dose-response curve of TGFb-induced NK cell CXCR4 in the presence and absence of IL-6 ( Figure 5D ). Interestingly, IL-6 antagonized CXCR4 induction at low TGF-b concentrations, but enhanced CXCR4 induction at high concentrations of TGF-b (Figure 5D ). These data reinforce the previously described pleiotropic nature of IL-6 (Fernando et al., 2014; Scheller et al., 2011) and suggest that the poly(I:C)-dependent factor IL-6 becomes a modulator of the constitutively produced TGF-b, and will inhibit or amplify the effects of TGF-b according to its concentration. Similar to P24h SN, recombinant TGF-b and IL-6 also induced apoptosis in NK cells, reduced CD16 expression, and impaired cytotoxicity against K562 targets ( Figures 5E, 5F , and 5G). These data provide evidence that TGF-b and IL-6 contained in the P24h SN are involved in the regulation of NK cell function and differentiation observed in our system. Senescent-like NK Cells Favor MSC Functions, which Are Associated with Tissue Regeneration SASP released by decidual NK cells has been reported to stimulate angiogenesis (Rajagopalan and Long, 2012) , which requires the coordinated response of stromal and endothelial cells. In the final part of our study we wanted to model the bidirectional interaction of MSCs and NK cell and so tested the feedback effects of our senescentlike NK cells on MSCs. To this end, NK cells were treated for 4 days with P24h SN (= senescent-like NK) or M24h SN (= NK) to induce specific NK cell types.
When using MSCs as target cells, the survival of MSCs from NK cytotoxicity was increased with senescent-like NK cell effectors, consistent with their impaired cytotoxic function ( Figure 6A ). Of particular note, senescent-like NK cells still seem to undergo an intense type of interaction with MSCs yet show reduced degranulation ( Figure 6B ). Furthermore, NK/MSC cell-cell interaction did not affect the production of TGF-b by MSCs, but did trigger the release of IL-6, which may result in further enhancement of the regulatory NK cell response ( Figures 6C and 6D) .
To evaluate the effect of NK cell SASP on MSCs, NK cells were subjected to control medium, M24h, or P24h SN for 2 days, and then washed and resuspended in normal medium for 3 days to allow the NK cells to release their SASP. This NK cell SASP was next incubated with MSCs for 24 hr, and gene expression, invasion, and proliferation of MSCs were then examined ( Figures 6E, 6G , and 6H). The senescent-like NK cells induced a highly significant increase in VEGF gene expression by MSCs ( Figure 6E ). The SN derived from these MSCs was also able to increase tube formation in human microvascular endothelial cells ( Figure 6F ). Finally, senescent-like NK cells significantly increased the proliferation of MSCs but not the invasive capacity when compared with medium control ( Figures  6G and 6H) .
In sum, these data suggest that senescent-like NK cells, which are induced by poly(I:C)-stimulated MSCs, exert feedback on MSCs. During this feedback, senescent-like NK cells favor tissue-regenerative functions of MSCs over MSC killing. Figure 7 illustrates the bidirectional and time-dependent interaction of MSCs and NK cells in the context of poly(I:C) stimulation as shown in this article. Figure 7 also shows how MSC-NK interaction may potentially contribute to antipathogen immunity, inflammation, and tissue repair.
MSC and NK Cell Interaction: A Stable System of Inflammation and Repair
DISCUSSION
Previous reports have focused on the intrinsic anti-inflammatory properties of resting MSCs, and showed inhibitory activity on classical NK cell effector functions such as cytotoxicity and IFN-g production (Chatterjee et al., 2014; Spaggiari et al., 2006 Spaggiari et al., , 2008 Pradier et al., 2011) . These experiments are likely to explain the interaction of MSCs and NK cells in a steady-state scenario; however, such models do not address the critical interaction between these cell Figure 5 . TGF-b and IL-6 Limit NK Cell Cytotoxicity and Induce CXCR4 Expression as well as NK Cell Apoptosis (A) NK cells were incubated for 1 day with 16 independently generated P24h SN. Ratio of IL-6 and TGF-b in the SN was calculated and plotted against the capacity of the SN to induce NK CXCR4. The data allowed a nonlinear regression sigmoidal dose-response curve to be fitted, which predicted an EC 50 of 12.5. The predicted EC 50 was used as a cutoff to divide low IL-6/TGF-b ratio SN (below EC 50 ) and high IL-6/TGF-b ratio SN. The CXCR4 expression of the NK cells was sorted according to this criterion and a vertical scatter plot generated (the IL-6 and TGF-b high/low ratio relationship to CXCR4 can also be seen in the dose-response curves of D). (B) Histograms of NK CXCR4 following overnight incubation with recombinant IL-6 (50 ng/mL) alone and TGF-b (16 ng/mL) alone and in combination (1 representative experiment of 4 NK donors). (C) NK cells were cultured in P24h SN for 2 days in the presence of inhibitory antibodies to IL-6 (1 mg/mL) and TGF-b (1 mg/mL) or isotypes as indicated. Expression of CXCR4 on NK was measured (n = 3 donors). (D) Recombinant IL-6 and TGF-b were incubated with NK cells for 2 days. The expression of CXCR4 was then measured and a non-linear regression sigmoidal doseresponse curve was plotted (n = 2). (E) NK cells were treated for 2 days with a combination of recombinant IL-6 (50 ng/mL) and TGF-b (16 ng/mL), the cells were then stained for annexin V-positive NK cells (representing early apoptosis) and annexin V-positive 7AAD-positive NK cells (representing late apoptosis) (n = 4). (F) NK cells were treated for 2 days with a combination of recombinant IL-6 (50 ng/mL) and TGF-b (16 ng/mL) and then stained for CD56 and CD16. Percentage of the CD56 dim CD16 + subset from the entire NK cell population is shown (1 representative experiment of 4 NK donors). (G) NK cells were treated for 2 days with TGF-b and IL-6 at low and high concentration ratios. Cytotoxicity of the NK cells was then tested against K562 targets. Gate indicates percentage of killed target cells (1 representative experiment of 2 NK donors). Data analysis was performed using a paired two-tailed t test and non-linear regression dose-response model. *p < 0.05 was considered significant and **p < 0.01 or ****p < 0.0001 very significant. Data are depicted as histograms (y axis is count) (B), line graph (mean ± SE) (D), vertical scatter plot (mean ± SE) (A, C, and E), and scatter plots (F and G).
types in the context of infection and inflammation. Therefore, in this study we explored the consequences of MSC-NK crosstalk in the presence of poly(I:C), a model stimulus for viral infection. We found that primary MSC of the nasal mucosa responded with a biphasic cytokine response to this challenge. Short-term stimulation of MSCs resulted (F) Pooled SN from senescent-like or control NK cells was generated from three NK cell donors. MSCs were stimulated for 24 hr with medium only (MSC) or SN generated from conditioned NK cells. The MSC-NK-SN was collected and incubated overnight with a human microvascular endothelial cell line. Tubule formation was analyzed and average tube length recorded (n = 3). (G) An invasion assay was performed using MSCs incubated in the presence of medium only (without NK cells) or SN generated from conditioned NK cells. The rate of invasion was analyzed over 3 days and assessed by measuring the area of uninvaded space (n = 3 MSC donors and 3 NK cell donors). (H) Equal numbers of MSC were incubated in the presence of medium only (without NK cells) or SN generated from conditioned NK cells for 5 days. MSC proliferation was analyzed by MTT assay (n = 3 MSC donors and 3 NK donors). Data analysis was performed using a paired two-tailed t test and two-way ANOVA was performed with an additional Bonferroni post test. *p < 0.05 was considered significant and **p < 0.01, ***p < 0.001, or ****p < 0.0001 very significant. Data are depicted as bar graphs (mean ± SE) (C, D, G, and H) and vertical scatter plots (mean ± SE) (A, B, E, and F).
in NK cell activation, while longer stimulation of MSCs and prolonged exposure of NK cells to factors secreted by these MSCs led to an NK cell regulatory response. Thus MSC-NK crosstalk in this system mimics the different phases of infection ranging from initial NK cell immunity and inflammation to later termination of NK cell effector function and tissue regeneration (see Figure 7 ).
An important issue in this study concerns using the MSCs sourced from nasal mucosa. MSCs are found ubiquitously in almost all tissues, but popular sources for cellular therapy include bone marrow, adipose tissue, and Wharton's jelly. In this study MSCs are derived from the nasal mucosa, a highly active immunological site where exposure to pathogens and allergens is a common event. It is sometimes hypothesized that MSCs derived from different source tissues may exhibit differential cell biological properties. Consequently studies were designed to compare the properties and characteristics of MSCs from these different sources. For example, it was suggested that adipose MSCs proliferate faster than bmMSCs and are more suitable for the regeneration of the femoral head following osteonecrosis (Wyles et al., 2015) . Placental MSCs show clear phenotypic and transcriptomic differences compared with bmMSCs (Elahi et al., 2016) . Importantly, in Figure S1 we showed here that stimulated bmMSCs regulated NK cells in a manner similar to that of nasal mucosa MSCs. It is certainly possible that cell biological differences still exist between MSCs sourced from the nasal mucosa and bone marrow. However, under the conditions described in this study, their response to poly(I:C) and subsequent immunoregulatory properties are comparable.
In a previous study (Waterman et al., 2010) , poly(I:C) stimulation of MSCs was examined in the context of MSC polarization. The authors concluded that stimulating MSCs with poly(I:C) led to an anti-inflammatory type of MSC or MSC2, while lipopolysaccharide stimulation rather induced an inflammatory MSC1. Importantly, in their study Waterman et al. (2010) stimulated MSCs for only 1 hr and then washed the stimuli away. Exposure of 1 hr is probably a rare situation in vivo or, as the authors state, rather mimics an MSC that is distant from the site of injury. However, MSCs at an infection site would probably be exposed continuously to TLR agonists for the course of the infection, which may last days as modeled in our study. As poly(I:C) mimics viral double-stranded RNA, our study suggests that MSC polarization in response to viral stimulation can occur in a time-dependent manner. Rather than being purely anti-inflammatory in nature, the MSC response adapts according to time and course of infection.
Some studies, in contrast to that of Waterman et al. (2010) , have shown that TLR3 stimulation of MSCs leads to a pro-inflammatory response (Cassatella et al., 2011; Kota et al., 2014) . However, our data reconcile the dichotomy of how a TLR3-activated MSC can be both pro-inflammatory yet also anti-inflammatory. Upon arriving at an infection site, MSCs may respond in a time-dependent manner, consisting of an initial release of early pro-inflammatory IFN-a/b and then later secreting regulatory factors IL-6 and TGF-b. We also speculate that depending on the phase of wound healing (i.e., inflammatory, proliferative, maturation, and remodeling), MSCs will actively contribute to each phase accordingly and tend to drive the process to completion, leading to restoration of tissue function.
One of the important implications of our study is that MSC stimulation can promote the regenerative function of NK cells. The maternal/fetal interface in the decidua is one of the few reported examples of this. Here NK cells help in constructing the complex capillary network that integrates the blood systems (Arck and Hecher, 2013; Wu et al., 2005) . Trafficking of decidual NK cells is regulated via CXCR4 and these specialized NK cells also display a senescent phenotype that release SASP to induce angiogenesis from stroma, a scenario remarkably similar to the senescent-like feedback of NK cells on MSCs shown in our study (Rajagopalan and Long, 2012; Rajagopalan, 2014; Hanna et al., 2003) . Cerdeira et al. (2013) showed that decidual-like NK cells with angiogenic properties can be induced from peripheral NK cells by treatment with a combination of hypoxia, TGF-b, and demethylating agents. We used a mix of TGF-b and IL-6 to induce regulatory NK cells, which share some features with decidual-like NK cells. Our study supports this hypothesis, and we envisage that the NK-mediated angiogenesis and tissue growth that takes place during trophoblast invasion is also utilized by MSCs in peripheral tissues to induce repair following infection and inflammation. Thus, our study provides insight into the complex interaction of stromal cells and NK cells in the context of infection, and suggests a model of timedependent MSC polarization.
EXPERIMENTAL PROCEDURES
Human Nasal Mucosa MSC Isolation and Culture
MSCs were derived from the nasal concha of healthy donors who were undergoing reduction of the nasal turbinate at the Department of Otorhinolaryngology, University Hospital, Essen (Germany). The study was approved by the local ethics committee (No. 08-3710). Isolation of nasal mucosa MSCs was performed as previously described (Jakob et al., 2010) . In brief, tissue samples were minced and treated with collagenase 2 (Sigma-Aldrich, Taufkirchen, Germany) and dispase II (Roche Applied Science, Wiesbaden, Germany). The digested tissue was then strained through a 100-mm CellTrics (Sysmex Partec, Görlitz, Germany), and seeded in a T75 flask with RPMI 1640/DMEM (high glucose) (50%/50% [v/v] , both Thermo Fisher Scientific, Karlsruhe, Germany) culture medium supplemented with 10% fetal calf serum (Biochrom, Berlin, Germany) and 1% penicillin/streptomycin (Thermo Fisher Scientific); all cultures were mycoplasma free. MSCs adhered to the phenotype proposed by the International Society of Cellular Therapy (CD29
) were negative for NG2, presented a fibroblast-like morphology, and were strongly plastic adherent. The MSCs were multipotent and capable of differentiating into mesodermal lineages including osteo-, chondro-, and adipogenic lineages (Jakob et al., 2010) . They were also immunosuppressive as shown by inhibition of T cell proliferation. MSCs were used in experiments between passages 3 and 7.
Human NK Cell Isolation and Culture NK cells were derived from peripheral blood or buffy coat from healthy donors after written informed consent using guidelines approved by the Ethics Committee of the University Hospital of Essen. NK cells were isolated from peripheral blood mononuclear cells after density-gradient centrifugation via negative selection using NK Isolation Kit II (Miltenyi, Bergisch Gladbach, Germany) according to the manufacturer's instructions. NK cells were cultured in RPMI 1640/DMEM (high glucose; 50%/50% [v/v]) medium supplemented as described above. A subactivating concentration of 5 U/mL IL-15 (Immunotools, Friesoythe, Germany) was always added into NK medium to maintain NK cell viability.
MSC Poly(I:C) Stimulation
For MSC stimulation with poly(I:C) (Sigma-Aldrich), MSCs were seeded overnight in wells of a 24-well plate at 2.5 3 10 5 per well with 500 mL of medium. The next day the compact monolayer of MSCs was washed with PBS, and 500 mL of medium with poly(I:C) (1 mmol) was added for 4 hr to produce P4h SN or 24 hr for P24h, at which time the SN was collected. As a control, unstimulated MSC SN was also generated in parallel using the same conditions but without poly(I:C), hence M4h and M24h SN. For NK cell experiments using nasal MSC SN, at least three MSC donors were used to produce a pooled SN, and in total 16 different MSC donors were used throughout experiments. For bone marrow-derived SN at least two donors were used, and in total six different MSCs were used throughout experiments.
Surface/Intracellular Staining
Surface staining employed antibody diluted in azide-phosphate buffer solution and 3% human serum for 30 min at 4 C. For intracellular staining, cells were permeabilized according to the manufacturer's instructions using Cytofix/Cytoperm (BD Biosciences). staining was then performed using Permwash (BD Biosciences).
Stimuli and Inhibitors
Stimulants used in experiments included: poly(I:C) (Sigma-Aldrich, Taufkirchen, Germany), ionomycin/PMA (Sigma-Aldrich), IL-12 (PeproTech, Hamburg, Germany), IL-15 (Immunotools), and IL-18 (MBL International, Woburn, USA). Inhibitors used in experiments included the mTOR inhibitor rapamycin (Merck Calbiochem, Darmstadt, Germany).
Conjugation Assays
NK cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) (Thermo Fisher Scientific) according to the manufacturer's instructions. NK cells were incubated with target cell K562 or MSCs (at an effector/target ratio of 1:2 for K562 and 2:1 for MSC) for 1 hr in a 96-well U-bottomed plate with medium. After 1 hr cells were centrifuged and carefully resuspended in PBS. Cells were immediately analyzed using BD FACS Canto II (BD Bioscience) and BD FACSDiva Software 8.0 (BD Bioscience). Percentage of CFSE+NK/target conjugates was assessed by gating on target cells in the forward scatter channel.
Cytotoxicity Assay
NK cells were incubated with targets K562 or MSC (at an effector/ target ratio of 1:2 for K562 and 2:1 for MSC) for 3 hr in a 96-well U-bottomed plate in medium; all cultures were mycoplasma free.
Cells were centrifuged and stained with PE Annexin V Apoptosis Detection Kit I (BD Biosciences, Heidelberg, Germany) according to the manufacturer's instructions.
Degranulation Assay
NK cells were incubated with targets K562 or MSCs (at an effector/ target ratio of 1:2 for K562 and 2:1 for MSC) for 3 hr in a U-bottomed 96-well plate with medium in the presence of BD GolgiStop (Monensin); all cultures were mycoplasma free. Afterward cells were washed in azide-phosphate buffer solution stained for CD107a FITC and immediately analyzed on BD FACS Canto II.
NK Cell Proliferation Assay
NK cells were labeled with CFSE (Thermo Fisher Scientific) according to the manufacturer's instructions. The NK cells were then incubated with conditioned medium in the presence of 200 U/mL activating IL-15 and 10 ng/mL IL-18 (Immunotools). After 5 days NK cells were measured using a BD FACSCanto II (BD Bioscience) and the percentage of proliferated cells was measured by gating on NK cells with reduced CFSE signal intensity.
qPCR and Primers
Total RNA was purified from MSCs and NK cells using the RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and quantified by an average optical density (OD) OD 260 nm /OD 280 nm using a Synergy 2 Multi-DetectionReader (BioTek). RNA was reverse transcribed using a SuperScript II RNase Reverse Transcriptase kit with Hexamer random primers (both Thermo Fisher Scientific), according to the manufacturer's protocol. Amplification was performed in a My-cycler thermal cycler (Bio-Rad, Munich, Germany). qRT-PCR was performed on diluted cDNA using DyNAmo Capillary SYBR Green qPCR kit (Thermo Fisher Scientific) and Roche LightCycler 2.0 instrument (Roche, Wiesbaden, Germany). Gene expression was quantified using the 2 (ÀD DC(T)) method accordingly (Livak and Schmittgen, 2001) . A list of primers and sequences is provided in Table S1 .
Senescent-like NK Cell SN
Senescent-like NK cell SN was generated by first treating the NK cells with pMSC24h SN for 2 days to initiate the senescent-like process. NK cells were then washed with PBS and resuspended in normal medium and incubated for a further 4 days before SN was collected and used for experiments.
Angiogenesis and Human Microvascular Cell Line Tubule Formation
Wells of a flat 96-well plate were coated with basement membrane (Cultrex, BME, Biozol, Munich, Germany). Human microvascular endothelial cells were seeded into the wells with conditioned medium and incubated overnight. The next day, pictures were taken using a microscope of tubule formation, and total tubule length was measured using ImageJ.
MSC Invasion Assay
Wells of a flat 96-well plate were coated with basement membrane (Cultrex, BME, Biozol, Munich, Germany) and a plug (Tebu-Bio, Offenbach, Germany) was applied to cover the center of the well. MSCs were then seeded and incubated overnight around the plug. The next day the plug was removed and conditioned medium added. Images using a microscope were taken over 3 days to assess the extent of MSC invasion by measuring the area of uninvaded or MSC-free space. Images were analyzed using ImageJ.
MTT and MSC Proliferation Assay
MSCs were seeded into wells of a 96-well flat-bottomed plate and allowed to adhere overnight. The next day the MSC medium was removed and replaced with conditioned medium. After 5 days the amount of viable cells was determined by incubation for 3 hr with 250 mg/mL methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, Taufkirchen, Germany). Cells were lysed with DMSO and absorbance was measured using a Synergy 2 Multi-Detection Reader (BioTek).
Statistics
All statistical tests were performed using GraphPad Prism5. Mean and SE are shown in bar graphs. At least three independent donors for MSCs and NK cells were used for statistical analysis to ensure reliability of data. Statistical tests used included two-tailed and one-tailed paired t test, linear regression model, non-linear doseresponse regression model, and two-way and one-way ANOVA with post Bonferroni testing. A significant p value was set at *p < 0.05, and **p < 0.01 was considered very significant. In the figure legends the number of independent replicate experiments is indicated by ''n.''
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